Recently, many investigators have suggested that chaperone-like activity of a-crystallin, which is a major component of crystalline lens proteins, might play an important role in prevention of aggregation and insolubilization of lens proteins.
1) Furthermore, they suggested that the cataract might result from a lowering of chaperone-like activity of a-crystallin. Thus, many investigators have searched for factors that can reduce and/or influence the chaperone-like activity of acrystallin. The several factors have been suggested to be involved; e.g. mutation of lens proteins, 2) structural changes in lens proteins, 3) and post-translational modifications. 4) However, the factors involved have not yet been conclusively identified.
Recent studies of lens proteins have suggested that posttranslational modification may markedly influence the chaperone-like activity of a-crystallin.
4a,4b,5) However, several types of post-translational modification have been reported to date: e.g. deamidation, 6) acetylation, 7) oxidation of methionine residues, 8) racemization of aspartic acid, 9) phosphorylation, 10) and cleavage of the C-terminal and/or the N-terminal regions. 4a,11) Furthermore, it has also been suggested that several different types of post-translational modifications may occur in one subunit of a-crystallin. Thus, it is difficult to isolate the subunits with only one type of post-translational modification, and therefore, it is difficult to clarify the precise effects of each post-translational modification on chaperone-like activity of a-crystallin. We have isolated mono-phosphorylated a-crystallin subunits, which are composed mainly of aA-and aB-crystallins, with no other posttranslational modifications. Using this material, we examined whether phosphorylation as a post-translational modification influences chaperone-like activity of a-crystallin.
The results of the present study demonstrated that monophosphorylation reduces the chaperone-like activity of acrystallin by approximately 30%.
MATERIALS AND METHODS
Lenses Bovine lenses were obtained from the eyes of 9-month-old and 3-year-old animals at a local slaughterhouse. After removal from the eyes, they were frozen and stored at Ϫ80°C immediately until use.
Isolation of Mono-phosphorylated a a-Crystallin Subunit Five bovine lenses were homogenized in 50 ml of 0.05 M phosphate buffer containing 0.15 M NaCl, 0.02% NaN 3 , 0.01 M EDTA at pH 7.2 at 4°C. After centrifugation at 15000ϫg at 4°C for 50 min, the supernatant was chromatographed on a column of Superose 12 (1.5ϫ50 cm) followed by Superose 6 (1.5ϫ50 cm column) gel filtration chromatography at 8°C, and eluted with the same phosphate buffer at a flow rate of 0.5 ml/min to purify the a-crystallin fraction. Then, aliquots of the fraction were subjected to ion exchange chromatography to prepare mono-phosphorylated a-crystallin on a column of BIOscale Q5 (5 ml) (BioRad Laboratories) by linear gradient elution using 0 to 200 mM Tris-HCl in 6 M urea (pH 8.0) with a gradient HPLC system (Ternary Gradient Unit LG-980-02, JASCO Corporation, Japan). The UV absorbance was monitored at 280 nm with an Intelligent UV/VIS Detector UV-970 (JASCO Corporation, Japan). The final fraction was pooled and dialyzed against 0.1 M Tris-HCl, pH 7.6, using a dialysis membrane (Spectro/Pro, Cellulose ester membrane, molecular weight cut-offϭ1000) for 24 h. The inner solution was lyophilized and stored until use.
Trypsin Digestion The lyophilized fraction containing approximately 10 nmol of proteins was digested with trypsin (sequencing grade, Boehringer Mannheim) at an enzyme : protein ratio of 1 : 50 in 100 ml of 0.01 M Tris-HCl, pH 7.6, for 24 h at 37°C. The digests were chromatographed on a Wakosil 5C18 column (0.45ϫ25 cm, 5 mm) using a gradient of 0-50% acetonitrile in 0.1% trifluoroacetic acid over 150 min. The UV absorbance was monitored at 230 nm.
Fast Atom Bombardment Mass Spectrometry (FAB-MS) and Electrospray Ionization Mass Spectroscopy (ESI-MS)
FAB-MS spectra analyses were performed using peptides dissolved in 50% acetonitrile containing 0.1% formic acid on a JEOL HX-110 mass spectrometer. Magic Bullet (mixture of dithiothreitol : dithioerythritolϭ3 : 1, Tokyo Kasei Organic Chemicals, Japan) was used as the FAB-MS matrix.
ESI-MS was performed using lens proteins dissolved in 50% acetonitrile containing 0.2% formic acid on a Q-TOF spectrometer (Micromass Company, UK) and JMS-700 (JEOL) calibrated with polyethylene glycol. The mass accu-racy was estimated by analysis of intact aA-and aB-crystallins under the same conditions that were used to analyze the lens proteins.
Measurement of Chaperone-like Activity The chaperone-like activity of phosphorylated a-crystallin was calculated by measuring suppression of thermally induced aggregation of bL-crystallin according to the method of Horwitz et al. 1e) Briefly, 250 mg of bL-crystallin with or without 10 mg of phosphorylated a-crystallin subunit was incubated at 55°C for 30 min following a 5-min pre-incubation at 55°C. Incubations were performed in a black-walled cell with a Teflon stopper, 5 mm wide with a 10 mm path length. The aggregation of bL-crystallin upon heat denaturation was determined by measuring the apparent absorption due to scattering at 360 nm with a Shimadzu UV-Visible Recording Spectrophotometer with a TC-100 temperature controller (JASCO, Japan). The scattering in the cell was recorded automatically.
Analysis of Amino Acid Sequence Amino acid sequence analysis of the purified peptide was carried out by Edman degradation using an Applied Biosystems Model 477/120A sequencer.
SDS-polyacrylamide Gel Electrophoresis SDS-PAGE was carried out using 12.5% acrylamide gels 1 mm thick. Two-dimensional electrophoresis was carried out by both tube gel electrophoresis and SDS-PAGE according to the methods of Hochstrasser et al. 12) A mixture of Bio-Lyte 3/10 : Bio-Lyte 7/9ϭ1 : 4 was used as the tube gel. Conditions of tube gel electrophoresis were 20-min pre-scanning at 500 V and 180-min scanning at 1500 V.
Immuno-dot Blot Analysis Immuno-dot blot analysis was performed using a Bio-Rad-Immuno-Blot (Gar-HPRP) assay kit. Antibodies against aA-and aB-crystallins were gifts from Dr. Horwitz, Jules Stein Eye Institute, UCLA, Los Angeles, California.
RESULTS

Preparation of Mono-phosphorylated a a-Crystallin
The soluble fraction of bovine crystalline lens was initially subjected to gel filtration chromatography on a column of Superose 12, and the mixture of HMW (high molecular weight protein) and a-crystallin was pooled. This fraction was further chromatographed on a column of Superose 6 to separate the a-crystallin fraction from the HMW protein (data not shown). The detail conditions of gel filtration chromatography were described in our previous papers.
4a,10a) Subsequently, the a-crystallin fraction was subjected to anion exchange chromatography on a BIOscale Q5 column by a linear gradient of Tris-HCl in 6 M urea, and separated into several peaks as shown in Fig. 1 . After these peak peptides were collected, the assignment of the origin of these peptides to aA-or aB-crystallin was performed by immuno-dot blot analyses using antibodies against aA-and aB-crystallin, by two-dimensional SDS-PAGE and by sequence analyses of their tryptic digests (data not shown). The peaks between t R ϭ23 min and t R ϭ35 min were identified as modified aBcrystallin species and those between t R ϭ44 min and 55 min were identified as modified aA-crystallin species. The peaks belonging to aB-crystallin species were named aB-, aB1-, aB2-and aB3-crystallins, and the peaks belonging to aAcrystallin species were named aA-, aA1-and aA2-crystallins (Fig. 1) . These materials were assigned by a combination of ESI-MS analysis and trypsin digestion. Mass spectrometry indicated that the molecular mass of aB-crystallin was 20086.9 m/z as shown in Fig. 2A , indicating that the material was unmodified intact subunit of a-crystallin. On mass 
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After collection of the respective peaks, they were identified by immuno-dot blot analysis and by SDS-PAGE. Molecular weights were then determined by ESI-MS. spectroscopy, only aB3-crystallin was identified as the mono-phosphorylated material with no other post-translational modifications. Thus, the difference in the molecular mass between aB3-crystallin and aB-crystallin was approximately 80 m/z, suggesting that the molecular mass of approximately 80 m/z was due to phosphorylation as shown in Fig.  2 . From this result, aB3-crystallin was tentatively identified as mono-phosphorylated aB-crystallin. The unit of approximately 80 m/z was identified as phosphoric acid by digestion with phosphatase and FAB-MS analysis. First, aB3-crystallin was digested with trypsin, and their tryptic peptides were separated by reversed phase chromatography as shown in Fig. 3 . In addition to the peaks of aB-crystallin of the 9-month-old lens used as a reference (Fig. 3A) , aB-3 crystallin showed one new peak at t R ϭ66.4 min (Peak I) (Fig. 3B) . This peak was identified by sequence analysis and FAB-MS. Peak I was sequenced by 11 cycles and was found to be R-P-F-F-P-F-H-X-P-S-R, in which X indicates an unidentified amino acid residue. Thus, the Peak I peptide was tentatively identified as residues 12-22 of aB-crystallin (R-P-F-F-P-F-H-S 19 -P-S-R). The observed molecular mass of Peak I peptide was 1454.5 m/z (MϩH) ϩ by FAB-MS, even though the calculated molecular mass of the residue 12-22 peptide was 1374.5 (MϩH). The difference between the molecular mass of the Peak I peptide and the calculated molecular mass of the residue 12-22 peptide was 80.0 m/z, suggesting that serine-19 in aB-crystallin was phosphorylated. Furthermore, the unit of approximately 80 m/z was identified indirectly as phosphoric acid by a combination of digestion with peptide Phosphatase I and FAB-MS analysis. Peak I peptide was digested with peptide Phosphatase I, and the digestion products were analyzed by FAB-MS. After digestion, a material of 1374.6 m/z was observed as shown in Fig. 4B . This indicated that the fragment of 80 m/z was removed from the Peak I peptide (1454.5 m/z) (Fig. 4A) by digestion with the phosphatase, indicating that this unit of 80 m/z was a phosphate group. From this result, Peak I peptide was finally identified as mono-phosphorylated aB-crystallin with no other modifications.
In the present study, other fractions observed on BIOscale Q5 column chromatograms were not investigated further because they indicated several mass peaks that made it difficult to determine precise molecular weights and types of posttranslational modifications.
Effects of Phosphorylation on Chaperone-like Activity of a a-Crystallin The effects of phosphorylation on chaperone-like activity of a-crystallin were determined as shown in Fig. 5 . This study demonstrated that mono-phosphorylation of aB-crystallin reduced its chaperone-like activity by approximately 30%. The new peak (Peak I; t R ϭ66.4 min) that appeared in addition to those of aB-crystallin of 9-month bovine lens, was identified by FAB-MS, by sequence analysis and by enzyme digestion with protein Phosphatase I to determine the sites of phosphorylation. In this experiment, no other phosphorylated peptides were found. 
DISCUSSION
The present study demonstrated for the first time that phosphorylation as a post-translational modification reduced chaperone-like activity of a-crystallin, and that mono-phosphorylation reduced its chaperone-like activity by approximately 30%.
It has been suggested that reduction of the chaperone-like activity of a-crystallin may induce formation of water-insoluble aggregates from soluble protein in the lens.
1c,4b,13) Furthermore, recent studies demonstrated that several post-translational modifications of a-crystallin might accelerate the rate of protein aggregation and insolubilization in the lens.
4a,4b,5a,5b) Thus, it is important to investigate the correlation between chaperone-like activity and post-translational modification of a-crystallin. However, there are several types of post-translational modifications, and it is difficult to isolate material with only one type of modification. As a result of trial and error, we succeeded in isolation of mono-phosphorylated material and examined the effects of phosphorylation on chaperone-like activity of a-crystallin.
The phosphorylation sites of aB-crystallin of bovine lens were reported to be Ser-19, Ser-45, Ser-59 or Ser-122.
10) The only phosphorylation site of aB-crystallin observed in the present study was Ser-19. At present, it is very difficult to explain this observation. It will be important to investigate the effects of differences in the site of phosphorylation on the chaperone-like activity of a-crystallin in future studies.
We confirmed that post-translational modifications affected the chaperone-like activity of a-crystallin and might induce cataract formation due to aggregation and insolubilization of lens proteins. It is very important to investigate this problem further to clarify the mechanism of cataract formation. Especially, it is necessary to investigate the correlation between types of post-translational modification and chaperone-like activity, and the mechanism of the lowering of chaperone-like activity by post-translational modification.
